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Abstract 
OEMs across the globe are moving to reduce the number of their platform by 50% and to focus more on selected platforms to be used to design 
and produce different vehicles across segments and brands on a global scale (by size and price range) [1].  OEMs focused on platform sharing 
and standardization to rationalize their product development and production costs, besides significantly reducing the product-conception-to-
launch time. As platform development costs, account for nearly half of the cost product development, this strategy of using common 
engineering across vehicle models allows money as well as time savings. This research introduces new systematic framework and methods 
dealing with a complete end-to-end design process of the production system for under-body platform complete in body and white (BIW). This 
method helps product developer and systems engineer to plan modular development (product upgrades) and interface for both manufacturing 
and final assembly of production systems. This research introduces new tools such Hybrid Design Structure Matrix (HDSM) to help system 
designers to understand changes in product design and mapping to physical domains (production systems) and to evaluate the effect of changes 
by connecting the process to digital manufacturing (DM) simulation. The methods will introduce a new approach to vehicle production systems 
design and development of “underbody platform” (BIW) using modular assembly strategy.  
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1. Introduction 
In automotive industries, more than 80% of the tooling and 
equipment in a body shop are not specific to an individual 
model but used for all models produced in the assembly line.  
It is very important to acknowledge that product flexibility 
modules development with platform strategy does not mean 
flexibility was achieved in the manufacturing production 
lines.  Successful automakers build flexibility in their global 
architecture strategy with an extremely flexible set of body-
structure geometries, reference points, and common 
components. In addition, there are matching sets of flexibility 
that can be embedded in the manufacturing processes to gain 
huge economies of scale in manufacturing [2, 3]. This 
research focuses on the production systems (final assembly), 
and attempts to identify flexible elements of product platform 
design. It also focuses on identifying their physical interaction 
with production tooling and equipments, so that building 
production line with modular and reconfigurable approach 
adjusts quickly to changes. 
1.1. Automotive Platform Sharing Overview 
Automobile customization refers to individual car 
modifications in terms of either visual appearance or 
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performance. The trend toward customization of vehicles 
parallels increasing modularization of vehicle design. While 
desire to respond to market needs is one of its drivers, the 
other is the need to keep the manufacturing costs in check. 
Vehicle manufacturing, however, is no longer a matter of a 
single, vertically integrated original equipment manufacturer. 
Increasingly, OEMs are taking on a role of final assemblers or 
system integrators [4]. New flexibility to the car body 
structure as shown in Fig. 1, the motor compartment (MC) 
and rear compartments (RMC) being described as flexible 
modular vs. what they used to be common modules assembly 
[5]. Thus, manufacturing systems can be viewed as vast, 
global supply networks providing necessary components for 
the final assembly in a time-coordinated fashion. 
 
 
Fig. 1.  Common and flexible modules assembly in car body styling. 
Traditional manufacturing facilities still exist but have to 
be much more responsive to product changes and demand of 
variations. New concepts, such as reconfigurable 
manufacturing systems are developed, but it may take some 
time before they are effectively implemented in the industry. 
The trend toward outsourcing and increasing the role of the 
suppliers will continue. According to Dannenberg et al. 
(2004), over the next ten years, OEMs will shed most of the 
activities formerly considered as their “core” business, such as 
power-train and body manufacturing. Notably though, 
building car body structures and styling will likely remain one 
of the key in-house activities to have control on the product 
developments.  
1.2. The state of practice of vehicle framing systems 
The state of practice of car-body structure modularity 
exploits the independence between physical components in 
the product design. These independent modules, or units, can 
be designed concurrently, or pre-designed to be used in 
different products [6]. A modular design can be justified for a 
faster product development for a subsequent derivative 
product [7]. Fig. 2 shows the state of the art decomposition of 
automotive framing modules.   
New modifications to the classification of modules 
assembly as flexible modules have been added (see Fig. 2. 
underlined).  In the past, motor compartment (MC) used to be 
common modular assembly, which is changed due to new 
strategy of merging in car body assembly for mid and small 
size platform of vehicle body structure assembly. 
 
 
 
Fig. 2. Car body structures of the main modules/sub-modules (BIW). 
1.3. Modules structures of under-body complete (product) 
In Fig.3, the main modules of under-body complete are 
shown. The design structure may consist of five (5) main 
modules: the motor compartment assembly (MC), the floor, 
the rocker (LH and RH), and rear end compartment. Front 
floor assembly module (FFP1,2) and the rear compartment 
(RC1, RC2) are considered flexible modules (see Fig. 3). 
 
 
Fig. 3. Under-body complete platform modules structure. 
Using the design variants of these modules, scalability in 
the longitudinal dimension of the under-body structure can be 
easily achieved. Based on this scalability feature, multiple 
alternative design variants—for example, three variants—of 
the Under-body structure (UBvi) can be generated;  UBvi = 
[UBv1, UBv 2, UBv3]. Each variant of under-body is 
considered a platform segment in terms of shape and 
dimensions. New variant of under-body can be generated for 
the assembly line by product requirement i.e.,  small car 
requires a small engine size. Therefore motor compartment 
assembly needs to use pre-designed modules of motor rails 
and engine cradle to fit the small engine (MC assembly) 
changes only in MC assembly. Therefore, the changes are in 
the first three modules M1, M2 and M3, see Fig. 4. 
 
Fig. 4. Upper and lower body modules structure. 
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1.4. Modules structures of under-body complete (tooling) 
Under-body tooling is usually developed for a specific 
platform product or assembly.  In the next two figures (Fig. 5, 
and Fig. 6), transfer product data such as heights, pin locators 
for skid and under-body tooling are determined. OEMs new 
requirements are to produce the complete under-body into 
three final sub-assemblies. The OEM controls some critical 
modules (interface components) during manufacturing and 
final assembly. Once skid data is given or developed for new 
styles or future styles, it is important to design and build skid 
and under-body tooling as a module tooling for readjustment 
and reuse. In the last 3 to 4 years, the C-Flex tooling 
(developed by Fanuc) has been developed further into a new 
under-body programmable tooling. And just recently, teach 
pendent can be used for reprogramming. Each C-Flex has a 
common tool used for positioning different styles to execute 
joining process (S1, S2, .. . Sn). All C-flex devices have users 
interface control devices (manual and auto mode) for 
programming to execute steps macros to insure 
synchronization for all C-flex to move as one device for each 
under-body complete platform. 
 
Fig. 5.  Upper and lower body modules structure & chassis- power train. 
Practically six devices of C-Flex are used for the entire 
under-body tooling; in addition, two stationary pins are also 
used for support and as reference points for C-Flex 
calibration. With the new capability of C-Flex, it may become 
the future of under-body tooling for multi-platform setup at 
the level of   modules and final assembly.   
 
Fig. 6.  Under-body complete platform C-Flex devices & tooling.   
2. RMS framework of under-body complete platform 
2.1. The proposed framework of automotive framing systems  
This framework is mainly based on a system life-cycle 
concept.  Fig. 7 shows the main four stages of the proposed 
framework: 
The first three stages are transitional stages and the last one 
is the parallel stage: (1) manufacturing systems analysis, (2) 
manufacturing systems design, (3) manufacturing systems 
operation & maintenance, (3’) is the reconfigurability stage or 
the life cycle extension of production systems, and (4) is the 
refine offline gate combined with manufacturing support 
centre (Teamcenter) [8].  
 
Fig.  7.  Framework for RMS of automotive framing systems. 
A brief explanation for each stage is: 
x Stage 1: Manufacturing systems analysis – analysis stage 
The manufacturing systems analysis is the first stage of the 
life cycle where the formulation and definition of the 
manufacturing system are performed to satisfy specific needs. 
The main constraints at this stage are the manufacturing 
strategy, the characteristics of the product, and the process. 
The automotive framing systems have complex product and 
processes; systems designers and product developers need to 
have perfect knowledge of the decomposition and integration 
of all the modules and components of each module (interface 
components and their process) in order to upgrade to a new 
vehicle styling. 
x Stage 2: Manufacturing systems design – synthesis stage 
The manufacturing system design is the second stage of the 
manufacturing system life cycle. The main input for this stage 
is the requirement of the manufacturing system in terms of 
reconfigurability, which are the results of the assessment for 
existing or new production lines. 
x Stage 3: Manufacturing systems operation and maintenance  
The third stage of the framework is the implementation or 
the launches of the manufacturing systems. Once the 
manufacturing systems are operating, it is important to 
establish operational matrices aligned with the design 
objective and the performance of the production line rate. 
x Stage 3’:  Reconfigurability stage -- evolvabilty and 
survivability of the systems.  
Reconfigurability means enhancing the systems and 
extending the life-cycle of the systems.  
x Stage 4: Refine offline cell – evaluation and testing stage 
During the design activities, more details are needed; the 
manufacturing characteristics such as product, operations, 
processes, and alternatives layout are designed.  
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2.2. Tools used to identify and measure interaction 
(a):The design structure matrix (DSM): 
Design structure matrix used in the automotive industries 
(DSM-component-based architecture) as a tool and technique 
[10]. It provides a simple, compact, and visual representation 
of a complex system that supports innovative solutions to 
decomposition and integration problems. It is important to 
note that DSM models represent extensive system knowledge. 
Hence, DSMs can be difficult to build, especially initially, as 
they depict data that are not always at hand, easily gathered, 
or quickly assimilated.  Network (NW) graph representation 
for under-body modular structure was developed as shown in  
Fig. 8 (a). The systems that consist of ten modules M1 to 
M10, and shows how the final systems configuration is due to 
∆X. Changes in one element or more i.e., rear motor 
compartment (RCM) is called product upgrade. The direction 
of changes is propagated and classified based on the 
classification of element to changes.  
The question is, how these classifications can be identified 
and quantified to help systems engineers create better 
robustness in the production systems?   
The classifications of modules interaction were used to 
measure the degree of reaction in the system due to each of 
the changes of critical elements. There is a new metric called 
change propagation index (CPI) using equation (1). 
 
(1) 
To measure the degree of reaction in the system due to each 
of the changes of critical elements, there is a new metric 
called change propagation index (CPI). 
The rows and columns in the DSM matrix are equal to the 
number of modulus/components of the systems 10x10 as 
shown in Fig. 8 (b). CPI can be measured as follows; for each 
module i.e. M8 receives one input from M5 and send 3 
outputs to M5, M9 and M10, apply Eq. (1) gives; 
CPI (M8) = ∆Eout - ∆Ein= 3-1 =2, and classified as a 
multiplier module. The classifications for the rest of the 
system components are shown in Fig. 8 (b). The challenge is 
that the designer needs to determine how to eliminate or 
reduce the impact of physical interaction between modules in 
future updates. Multiplier elements can be turned to absorbers 
or carriers by embedding flexibility in the interface 
components [11]. The answer to this question is presented in 
the next section, new tooling introduced and used in the 
proposed methodology. 
 (b): Network representation of  under-body to car body 
structures: 
Network representation for car body structures for under-
body with upper body is shown in Fig. 9. These interface 
between modules represent joining process such as weld 
spots, arc welding, laser welding or any other method of 
joining upper modules to the lower-body. This method shows 
how changes in propagation throughout the system can be 
easily identified.  
(c): Network representation of car body structures: 
The structure of HDSM is a high-level representation of 
modules interaction of upper-body with lower-body, as 
represented by square matrix 10x10 (the size depend on car 
body modules structures). It is a straightforward mapping of 
low-level physical interaction as the first stage indicates. The 
second stage is the evaluation for the positioning units 
(tooling) & joining processes (robot programs) of under-body 
assembly tooling using DM simulation as shown in Fig. 10. 
 
 
Fig. 8. Change Propagation Index (CPI) Due to ∆X: Eng Changes. 
 
Fig. 9. Network representation of car body structures BIW. 
 
Fig. 10. HDSM key elements physical interaction for all modules.  
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3.   The RMS design Method of Under-Body Platform 
Automotive Framing Systems 
Lastly, the methodology is the integration of these four 
stages by the RMS design framework to decompose each 
stage into activities to analyze, evaluate, and synthesize the 
inputs and outputs of each stage in order to design/ 
reconfigure the manufacturing system.  
Digital manufacturing technologies used to facilitate the 
collaboration between product design and manufacturing 
engineering functions, by providing manufacturing engineers 
earlier visibility to product design data. Afterwards, 
assessments can take place to evaluate the impact of a given 
design concept (engineering change) on the manufacturing 
process operations, identify potential issues, and recommend 
improvements for the product.  
Systems engineers need to execute required improvement 
before the release of the final date prior to building/ 
retrofitting and integration for production line systems. The 
methodology incorporates digital manufacturing to process 
input data and test the output data to be used in the production 
line as shown Fig. 11. 
 
 
Fig.  11.  Connecting simulations to the all-manufacturing process model. 
Concurrent processing to all steps using the new method 
stated is in three stages: 
I):  The first stage is evaluating the impact of engineering 
changes:  
The evaluation of engineering changes (∆X) on the 
manufacturing and production systems; usually received as a 
complete kit of data - geometry changes, weld data and 
processes (simulation input) and network (NW) representation 
for car body structures.  Once the evaluation is completed, 
CPI can be calculated and then used to measure the physical 
interaction between modules assembly; the outputs of this 
stage are the identification of the key elements or components 
that need to have flexibility.   
Once the key elements are identified, system engineer roles 
need to translate the customer need (market need) to 
functional requirement. Fig. 12 and 13 illustrates three groups 
of market needs to sport utility vehicle (SUV) listed as 
follows: 
1.  Bigger/ smaller engine power Æ  changes in 
motor compartment (MC) 
2. More/ less storage (scalability of wheelbase) Æ 
extended rear floor changes to (RMC). 
3. New cross-bars to passenger compartment  Æ 
changes to front floor panel (FFP). 
Each change to any sub-assembly of the under-body 
translated to the upper car-body structure and to the chassis 
and power train interface. At this stage, identification is 
needed to all modules affected by the new changes. 
II):  The second stage is the system design:   
Start with conceptual design with virtual evaluation to 
make changes to the systems to achieve the design objective. 
New systems configuration HDSM used for mapping of 
product function to design configuration, as shown in Fig. 12; 
(two stages).  
The structure of HDSM is a high level representation of 
modules interaction of upper-body with lower-body; changes 
were initiated in M8 which is represented by square matrix 
10x10 (the size depend on car body modules structures), 
(under-body complete). It is a straightforward mapping of 
low-level physical interaction as the first stage indicates. The 
second stage is the evaluation for the positioning units 
(tooling) & joining processes (robot programs) of gate tooling 
using DM simulation as shown in Fig. 13. 
 
 
Fig.  12.   Network representation of changes for under-body structures. 
 
Fig.  13. HDSM used for mapping   and evaluation of changes. 
III):  The third stage is the manufacturing processes:  
The output of this stage is the production data including 
tooling functionality, sequencing of operation, systems layout, 
cycle time for stations and robotics. Programming and 
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automation to run virtual simulation of the production line; 
simulation was performed by using DELMIA I-GRIP.  
Simulation outputs were used to refine the design prior to 
building and installation of the production line.  
There are two levels of changes: 
(1) Part level at the manufacturing stage and (2) modules 
level at assembly stage; part level changes are done at the 
supplier sides. Most of the changes are executed and shipped 
for modules assembly prior to the final assembly. If 
standardization applied to all key elements of product 
interface, it will help to reproduce part (upgrade) at minimum 
cost. With the exception of soft changes, no physical effect on 
the final production line; same tooling and equipments will be 
used [12].  
 
Fig. 14 shows trends of part standardization to mechanical 
interface for different dash assembly and engine cradle. This 
strategy will help use these modules in different segmentation 
of product assembly. 
 
 
 Fig.  14.  Standardization for modules interface for fixable platform create 
robustness of production systems. 
Using module assembly strategy for the product upgrade for 
rear motor compartment (RMC), the changes to the 
production tools are only re-programming and calibration of 
rear units of positioning tools (see Fig 15). 
 
 
Fig.  15. Virtual simulation and evaluation of production systems.  
4. Conclusions and summary 
The new proposed design structure (modular approach) for 
the under-body platform of vehicle framing systems will 
eliminate the coupling design and enable increasing mixed 
variants within a family of products. The method is a new 
approach to vehicle production systems design and 
development of “under-body platform” (BIW) using Platform 
strategy. New tooling such as hybrid design structure matrix 
(HDSM) was introduced for the first time to help system 
designers to understand changes in product design. It is also 
used in mapping physical domains (production systems) and 
evaluating the effect of changes by connecting the process to 
DM simulation.  
x Most of the previous work deals with very simple 
examples, thus not capturing the intricacy of true 
engineering systems design. 
x An engineering design process consolidating multiple and 
often conflicting requirements from product design, 
process selection, and cost effectiveness points of view, 
which will lead to development of an evolving 
manufacturing system, designed from the onset for the 
future changes. 
x When successful, the research will also lead to significant 
cost reduction up 50% in development and operation of 
the new Under-body assembly systems.  As their life 
cycles, it will extend multiple times for each product 
upgrade (e.g., body style). 
References 
[1] Automotive World (2012), Platform Strategy will Shape Future of 
OEMs. [Online]. Available 
http://www.sandhill.com/wp-content/files_mf/evalueservewhitepaper 
[Accessed Jan. / 2014]. 
[2] Eun Suk S., de Week OL, Chang D (2007), Flexible product platforms: 
Framework and Case Study. Research in Engineering Design 18:67-89. 
[3] ElMaraghy HA (2006) Flexible and Reconfigurable Manufacturing 
Systems Paradigms. International Journal of Flexible Manufacturing 
Systems 17: 261-276. 
[4] Engineering » Vehicle Engineering »  (2011),"New Trends and 
Developments in Automotive Industry", book edited by Marcello 
Chiaberge, ISBN 978-953-307-999-8. 
[5] Al-Zaher  A, ElMaraghy W, Pasek, ZJ (2011), Enabling Car Body 
Customization through Automotive Framing Systems Design.  in 
ElMaraghy HA, (Ed.) Enabling Manufacturing Competitiveness and 
Economic Sustainability. Springer Berlin Heidelberg 445-451. 
[6] Kusiak, A. 1999. Engineering design : products, processes and systems, 
San Diego, Calif.  Academic Press. 
[7] Jose, A., Tollenaere, M. 2005. Modular and platform methods for 
product family design: Literature analysis. Journal of Intelligent 
Manufacturing, Vol.16,  pp.371-390. 
[8] Al-Zaher, A., ElMaraghy, W., Pasek, Z. J., 2012, RMS design 
methodology for Automotive Framing Systems BIW, Journal of 
ManufacturingSystems. Vol. 32/3, pp. 436-448.  
[9] Kusiak A (2008) Interface Structure Matrix for Analysis of Products 
and Processes. CIRP Conference on Life Cycle Engineering 444-448. 
[10] Eckert, C., Clarkson, P. J., Zanker, W. 2004. Change and customisation 
in complex engineering domains. Research in Engineering Design, Vol. 
15,  pp. 1-21. 
[11] Al-Zaher, A., ElMaraghy, W., 2013, Design of Reconfigurable 
Automotive Framing System, “CIRP Annals - Manufacturing 
Technology”,  Vol. 62/1. Pp.491- 494. 
[12] Al-Zaher, A., (2012). Cost-Effective Design of Automotive Framing 
Systems Using flexibility and Reconfigurability Principles, PhD 
Dissertation University of Windsor. 
 
